Abstract. This paper describes the various physical processes relating near-surface atmospheric and oceanographic bulk variables; their relationship to the surface fluxes of momentum, sensible heat, and latent heat; and their expression in a bulk flux algorithm.
Simultaneous flux and bulk meteorological variable measurements combined with laboratory studies of air-sea transfer processes are used to develop the bulk formulas and transfer coefficients. The classic reviews on this subject [Garratt, 1977; Smith, 1988 In low wind speed regimes it is necessary to account for buoyancy effects on turbulent transport, and standard stability-dependent bulk schemes [e.g., Liu et al., 1979; Smith, 1988] have shown good performance in the tropics . However, a careful analysis [Godfrey and Beljaars, 1991] has shown these schemes to become singular at winds speeds below about 0.5 m s 4. This occurs when a basic similarity profile assumption (that the roughness length is much smaller than the Monin-Obukhov length) is violated. Godfrey and Beljaars [1991] showed that this singularity can be eliminated by adding a "gustiness" velocity wg related to the normal convective scaling velocity, which accounts for the fact that the amplitude of the mean wind vector does not properly characterize the mean wind speed in light winds. Because 1-hour average point winds of less than 4 m S -1 OCCUr about half of the time in the COARE region, particular attention must be paid to this problem. Recent experimental studies in the COARE region have shown unequivocally that the scalar fluxes do not go to zero in the limit of eero mean wind Fujitani, 1992 
where Ca, Ch, and C e are the transfer coefficients for stress, sensible heat, and latent heat, respectively; 0 is the potential temperature, q is the water vapor mixing ratio, and u• is one of the horizontal wind components relative to the fixed Earth, each measured at some atmospheric reference height z r and averaged as in (1). S is the average value of the wind speed relative to the sea surface at Zr; T.
• is the sea surface interface temperature; u.
• i is the surface current; and q,• is the interfacial value of the water vapor mixing ratio that is computed from the saturation mixing ratio for pure water at the SST, q,. = 0.98 qsat (T•.)
Alternatively, we may measure the wind components relative to the sea surface, in which case the u.,. i terms are zero.
Following Sverdrup et al. [ 1942] , the factor of 0.98 multiply- 
where T is the air temperature at z r and RH is the relative humidity. where u denotes the magnitude of the mean wind vector (relative to the sea surface).
Surface Characterization
The where v is the kinematic viscosity of air. For later use we also define the scalar equivalents of gr: R r = (U, Zor)/V for temperature and R• = (u, Zoo)Iv for humidity. Figure 1 shows the relationship between R r and wind speed, obtained from Moana Wave data during COARE, which will be described in detail in section 5.2. According to these classical studies [e.g., Kraus and Businger, 1994] , when g r < 0.13, the flow is said to be "aerodynamically smooth"; that is, the actual roughness elements on the surface are irrelevant and the surface stress is supported by viscous shear. As the wind speed decreases, g r approaches a constant value of about 0.11 and the relationship between roughness and stress is fixed:
For R r > 2.0 the flow is "rough" and the stress is dominated by pressure and viscous transfers associated with the roughness elements. [Garratt, 1992] . Despite this, the trend in characterizing heat and moisture transfer has been to follow laboratory and overland studies in parameterizing the scalar roughness lengths in terms of the roughness Reynolds number. The reasons are that the 15% uncertainty is no longer acceptable; also, considerations of the roughness structure give us an approach that can be extended to nonequilibrium wave states and can also be used to deal with air-sea transfer of trace gases. The leading examples are the model of Liu et al.
[ 1979] (hereinafter referred to as LKB) and Brutsaert [ 1982] . In the laboratory, simple experiments have been done to determine the transfer of heat and moisture by molecular diffusive processes in the thin sublayer directly adjacent to the water surface. Brutsaert [1982] assumed that this nearsurface profile must match the log profile of turbulent transfer at some matching height. This leads to a relationship between the scalar roughness length (i.e., the log-profile variable) and the velocity roughness length that depends on Rr (equation (10)). The LKB model is quite similar to that of Brutsaert, except the sublayer profile is given a specific (exponential) shape and the matching height is determined by equating the slopes of the two profile forms where they intersect. This difference, plus alternative choices of sublayer constants and specifications of the velocity behavior, leads to substantial differences between the two models with respect to the exchange coefficients used. 
and ¾ is an empirical constant. Note that the convective limit argument says nothing about the form of these functions near neutral stability. Numerous overland field programs have determined the forms of the profile functions for near-neutral conditions [Hogstrom, 1988] , but the experimental difficulties of measuring the small gradients in the convective limit have prevented clear verification of (13). Grachev, 1986] . Following an approach based on boundary layer convective similarity, Stull [1994] has developed a scaling model where the sensible heat flux scales as the 3/2 power of temperature difference and the 1/2 power of the depth of the convective boundary layer zt. Note that Stull's theory was originally for smooth flow, where the actual physical roughness of the surface is no longer relevant (that is, zt is the length scale), but he has suggested that it is also valid for rough flow.
Another approach has been developed by noting that in (2) the parameter S is, in fact, the average value of the wind speed, not the magnitude of the mean wind vector. 
Bulk Measurements
The TOGA COARE goal of no more than 10 W m -2 uncertainty in the total surface energy budget of the ocean (including turbulent, radiative, and precipitation heat fluxes) implies certain accuracy requirements for the bulk measurements. Partitioning the error equally between the net radiative components and the turbulent components (neglecting the uncertainty in the precipitation component) and assuming that these errors are independent suggests an allowable uncertainty in (Ht + H•) of about 6-7 W m -2.
Assuming that the average uncertainty in the empirical transfer coefficients can be made arbitrarily small, then the uncertainty in the bulk heat fluxes computed via (2) can be approximated (see Blanc [1986 Blanc [ , 1987 
Sea Surface Temperature
Sea surface temperature presents special problems in bulk flux applications because of the variety of measurement methods. Strictly speaking, the temperature required in (2) is the interfacial temperature of the water that is in direct contact with the atmosphere. Because the sensible, latent, and longwave radiative fluxes are realized in the upper fractions of a millimeter of the surface, they lead to a "cool skin," which has been long recognized [Woodcock, 1941; Saunders, 1967] 
Implementation
The algorithm is presently structured to process data from a given platform with a particular instrument configuration that is operating in a single time zone on 1-day timescales. The main program consists of several modules to compute specific variables.
Step 1. The platform inputs are as follows: input atmospheric measurement heights and water temperature sensor depth; input inversion height, surface pressure, and approximate latitude of measurements; and set all predetermined constants (von Kfirmfin, etc.). The following three steps refer to the main loop.
Step 2 Note that the process normally converges within five iterations. For extremely stable conditions it will not converge, and zero fluxes result.
Step 5. The final computations are as follows: compute Webb and precipitation fluxes; increment integrals for warm layer; and compute u, and stress. The final step, step 6, is to go to the main loop.
Choice of Constants
The following constants are used in the COARE 2. Table 2 indicates that the November to early December period was characterized by Because the velocity parameter is essentially "taken out" in step 1 and then "put back in" in step 7, it has virtually no effect of the final value of Cen. Thus the result is not actually dependent on whether we use bulk-derived or directly measured turbulence parameters in the analysis, but this method does affect the values of R•. We chose this approach to alleviate the highly noisy velocity turbulence measurements at low wind speeds, and we are comfortable with (25) 
The summary presented in
Here in (27) the first two terms are thermodynamic constants; the term in brackets represents the small-scale processes attacked in the laboratory investigations; and the last two terms represent surface-layer and boundary layer scale processes.
In Figure 6a we depict the balance of these processes as represented in the COARE 2.0 algorithm for the conditions found by the Moana Wave during COARE. The solid line shows the neutral transfer coefficient; the dotted line shows the gustiness; the circles show the stability effect; and the dashed line shows the product of these three (as per (27) 
Flux Comparisons
The comparison of covariance and bulk latent heat flux is shown in Figure 7a 
Wind Speed Dependence of the Latent Heat Flux
The mean transfer coefficient comparisons of Figure 2 and the point-by-point flux comparisons of Figure 7 give most of the picture, but the importance of latent heat flux makes scrutiny of the mean wind speed dependence worthwhile. Using the velocity binning method described earlier, we have computed the mean latent heat flux with the same data rejected, as in Figure 7a . The mean wind speed dependence for bulk, covariance, and inertial-dissipation data is shown in Figure 11 . Except for an overestimate of the flux in the convective limit by the inertial-dissipation method, the agreement is quite close.
Comparisons With Other Measurements
Whereas the analysis of this paper has featured measure- sensor, the warm-layer part of the bulk algorithm is not severely tested in these comparisons. This has, however, been done using other information, as described by Fairall et al. [1996] . Regardless, a more careful verification and modification of the complete algorithm will be undertaken over the next few years as motion-corrected and inertialdissipation fluxes from the R/V Franklin, R/V Wecoma, and R/V Hakuho-Maru become available. The applicability of data from the four flux-measuring aircraft participating in COARE to this problem will become apparent as attempts to reconcile their bulk and turbulence variable measurements are completed.
We expect that the algorithm will be applied to bulk measurements from numerous ships and buoys in the COARE region. As intercomparisons between ships and aircraft with these buoys become available, it will become clear if the 10 W m -2 COARE guideline can be met more generally. Because the model has been developed from measurements that include midlatitude field programs, we anticipate that it is applicable outside the COARE climate regime, even into polar regions. Finally, it is worth stating that this model has been optimized to convert point measurements of bulk variables on timescales of 10 min to 1 hour into equivalently sampled fluxes. Because of the scale dependence of some crucial parameterizations such as that for gustiness, we expect that it can be incorporated into numerical models of equivalent scale but not, at this stage of development, into large-scale climate models.
